Knowledge on pedestrian behavior is the basis to build decision support system for crowd evacuation management in emergency. In this paper, the impact of paired walking behavior on pedestrian counter flow in a channel is studied. The pedestrian walking behaviors are simulated by the cellular automaton model and the pedestrians are classified as single right walker, single left walker, paired right walker, and paired left walker. Single walker can move forward, leftward, rightward or stand still. The paired pedestrians are considered as a combined unit similar to the single walker in terms of route choice and they can move to the same direction simultaneously. It is found that flow and velocity decrease with increase of the paired rate in case of stable density. Simulation results reveal the phase transitions in terms of density from free flow to the unstable flow and from the unstable flow to the congestion flow. However, the critical densities of phase transition are unaffected by the channel size.
Introduction
Drivers and pedestrians are two main types of people in traffic system. Driving behavior has been studied by many researchers. [1] [2] [3] [4] Most focus on driver cognition, driving error, driving reliability and so on. In recent years, pedestrian flow modeling has drawn considerable attention, partly because the model serves as the basis for building decision support system for crowd evacuation management in emergency and pedestrian facility operations.
The existing pedestrian models can be classified as macroscopic models and microscopic models. Most macroscopic models are expressed in the form of partial differential equations, based on the principle of the conservation law in revealing relationships among pedestrian flow, density and speed. 5, 6 Due to the ability to reveal interactions among pedestrians, and between pedestrians and obstacles, micro-level pedestrian flow models are more widely applied. Typical models include cellular automaton models, 7-13 lattice gas models, [14] [15] [16] [17] [18] social force models, 19 centrifugal force models, 20 and floor field models. 21, 22 In the cellular automaton (CA) models, walking space is set as a twodimensional system while being divided into cells. Each cell can be either empty, occupied by exactly one pedestrian, or occupied by wall or obstacle. At each time step, pedestrian is assumed to move to adjacent cells or stand still complying with the route choice rule and conflict avoidance rule. Applying the cellular automaton technique, Blue and Adler (2001) simulated three bi-directional pedestrian flows, including flows in separated lanes, interspersed flow, and dynamic multilane flow. The results showed that the emergent fundamental parameters of speed, flow and density produced from the model were reasonable compared with the field data. 7 Considering right-hand side walking preference, Fang et al (2003) studied bi-directional pedestrian movement. It was found that the critical density when phase transition occurred increased as the probability of back stepping rose, and the critical density declined with the increase of the system size. 8 12 To study the effect of soft boundary on the pedestrian flow, Nagatani (2010) demonstrated that the dynamical phase transition had a strong dependence on the soft boundary. 13 In this paper, a cellular automaton model without step back for pedestrian dynamics considering paired walking behavior is presented. The model reveals the influence of pair rates on pedestrian flow characteristics. The rest of the paper is organized with the following sections. Section II develops the cellular automaton model and defines walking rules for single and paired pedestrians. Section III applies the model to simulate pedestrian movement in various scenarios. The conclusions and recommendations for further study are presented in Section IV.
Model
The model is defined on a two dimensional system. The underlying structure is a W×L cell grid, where W is the width of the channel and L is the length of the channel. Each cell can either be empty or occupied by wall, obstacle or exactly one pedestrian. The size of a cell is set to be 0.4×0.4 m 2 . This is a typical space occupied by a person in a dense crowd. 23 Each pedestrian can move only one cell per time step. In practice, the average velocity of a pedestrian is about 1.0 ms -1 under normal. 24 So, the time step is set to be approximately 0.4s.
Two types of the walkers are targeted in this study: walkers who are single and walkers who are paired with another one. For the single one, he/she is always single during the simulation, and for the paired pedestrians, they are always paired with the initial company. The channel is confined with walls as top and bottom boundaries. Any person can walk from left to right, named as the right walker; or from right to left, is called as the left walker. But no one can cross the top or bottom boundaries. The periodic boundary conditions are adopted in the model; in other words, if the right walker arrives at the right boundary, he/she moves in the system from the left boundary. If the left walker arrives at the left boundary, he/she moves in the system from the right boundary. The left and the right boundaries are close. Thus, the total number of walkers is conserved. Pedestrian movements within the channel are illustrated by Fig. 1 . The update is randomly sequential for all pedestrians at every time step. Fig. 2 shows all the possible configurations that a single right walker may encounter. In Fig. 2(a) , the right adjacent cell is unoccupied, the right walker will select it to move into no matter whether the other adjacent cells are occupied or not. If the right cell is occupied at this time step, his route choice is dependent on the state of the upper cell and bottom cell. In Fig. 2(b) , if both the upper cell and the bottom cell are free, the walker will select the upper cell or the bottom cell to move in with the probabilities of P L1 and P R1 , where P L1 =P R1 . The walker can also select to be waiting for the next time step. In this case, the probability is set to be P W1 . For configuration (c), the probability of selecting the bottom adjacent cell or waiting is P R2 and P W2 , respectively. For configuration (d), the probability of selecting the upper adjacent cell or waiting is P L3 and P W3 , respectively. For configuration (e), due to no step back is allowed, the walker has to wait at this time step with probability of P W4 . Similarly, we can define the route choice rules for the possible configuration that the left walker may encounter. Fig. 2 . All the possible configurations that a single right walker may encounter. Fig. 3 shows all the possible configurations that paired walkers may encounter. The route choice rules for paired pedestrians are similar to those described above. In Fig. 3(a) , the two right adjacent cells are free, so the pair can move rightward simultaneously at this time step. In Fig. 3(b, c, d ), if only one of the right cells is occupied or the both right cells are occupied, the pair will select moving up, down or staying still, and the corresponding probabilities are P L1 , P R1 or P W1 for Fig.  3(b) , P L2 , P R2 or P W2 for Fig. 3(c) , and P L3 , P R3 or P W3 for Fig. 3(d) . For configuration (e), the probability of selecting the bottom adjacent cell or waiting is P R4 and P W4 , respectively. For configuration (f), due to no step back is allowed, the paired walkers have to wait at this time step with probability of P W5 . Similarly, we can define the route choice rules for the possible configuration in which the left paired walkers may encounter.
Simulation and Results
Initially, the channel is set as 60×60. Pedestrians are distributed randomly in the channel and the number of the right walkers is equal to the number of the left walkers. The density of the system, <d>, is defined as the ratio of the total pedestrians to the total cells. The mean flow <f> of pedestrians is calculated as the number of right walkers moved across the right boundary and the left walkers who moved across the left boundary at one time step. The mean velocity <v> of pedestrians moving in one time step is defined as the number of the walkers moving forward, excluding those moving to the up, bottom or stand still, divided by the total number of pedestrians existing in the channel. For each simulation, total 150,000 time steps are carried out, and the value of <d>, <f>, and <v> are calculated according to the results of the last 5,000 time steps. Ten times iterations are conducted for each simulation. We take the average of the 10 results as the final value.
As for the single walker, we set the probabilities as follows: P L1 =P R1 =0.25, P W1 =0.5, P R2 =0.9, P W2 =0.1, P L3 =0.9, P W3 =0.1, P W4 =1.0. As for the paired walkers, the moving probabilities are set as P L1 =P W1 =0.25, P R1 =0.5, P R2 =P W2 =0.25, P L2 =0.5, P L3 =P R3 =0.25, P W3 =0.5, P R4 =0.9, P W4 =0.1, P W5 =1.0. All the probabilities we set here are according to paragraphs above and Refs. 25 . Fig. 4(a) shows the plots of the mean velocity against the density at various paired rates. At the very beginning, velocity remains stable with the increase of density. Then the value declines sharply to almost zero and stays constant. The upper stable velocity indicates fluent phase and the lower stable velocity represents jamming phase. The segment in between is the transitional stage. The critical density for the velocity changing from fluent phase to jamming phase varies with the paired rates. The higher the paired rate is, the lower the critical density will be. Fig. 4(b) shows the plots of the mean flow rate against the density at various paired rates. With the increasing of the mean density, the flow rate is getting greater and greater. When the flow arrives at a critical point, it declines sharply to almost zero and remains stable with the increase of density. The flow before decrease represents the fluent phase and the flow remains stable indicates jamming phase. The segment in between is the transitional stage. Within this segment, flow declines with the increase of paired rates for a given density. Both Fig. 4(a) and Fig. 4(b) reflect the critical density from free flow to congestion. It is 0.1 without paired pedestrians, and 0.25 with all pedestrians paired in the paper. Fig. 5(a) shows the relationships between flow rate and paired rates with various densities at 0.14, 0.16 and 0.18. It is found that with the increase of the paired rates, the flow declines rapidly and arrives at approximately zero. The critical paired rate is 0.7 when density is 0.16, and 0.4 when density is 0.18. Fig. 5(b) shows the similar characteristics compared with the plots in Fig.  5(a) . We can conclude for a given density, the higher the paired rate is, the lower the flow or velocity will be. When we enlarge the density gap, say the values of density are 0.08, 0.24, and 0.32, we can reveal the characteristics of flow and velocity against paired rates when different densities are applied. Fig. 6 (a) (b) shows the plots of the flow rate and velocity against the paired rates with larger density gaps. The flow rate and velocity remain maximal no matter what the paired rate is if the density is no more than 0.08, and the flow rate and velocity approach zero no matter what the paired rate is if the density is no less than 0.32. In Fig. 7 we show the typical pattern of pedestrian movement at <d>=0.16. The paired rates are set as 0.0, 0.25, 0.5, 0.75 for (a), (b), (c), and (d), respectively. When all the walkers are unpaired, see Fig. 7(a) , they can move much more freely and the distribution of the pedestrians is uniform. When the paired rate is increasing, say 0.25 and 0.5, more conflicts occurred, see Fig. 7(b) and (c) . When the paired rate reaches 0.75, the pedestrian flow is in a serious congestion, see Fig.  7(d) . To reveal the influence of channel size on pedestrian flow, we conduct simulation experiments with various channel sizes. Here we take W×L as 40×40, 50×50, 60×60, 70×70 and 80×80, respectively.
(a) (b) Fig. 8 . The flow rate <f> against velocity <v> with various channel sizes. Here, the paired rate is set as 0.5. Fig. 8(a) shows the relationship between the flow rate and the density with various channel sizes. For a given density, the flow rate rises with the increase of channel size. However, the phase transition in terms of density from free flow to unstable flow or from unstable flow to jamming state remains almost unchanged. The critical density is not affected by the channel size. Fig.  8(b) shows the same flow characteristics in terms of relationships between velocity and density. Here, an interesting phenomenon is observed, that is, when the density is within the domain of [0.08, 0.18], the velocity declines with the increase of the channel size.
To further reveal the impact of channel size on flow characteristics, simulations are running for different channel sizes. Fig. 9 shows the typical pattern of pedestrian movement at <d>=0.16 and paired=0.6. When the channel size is set as 40×40, the flow is at the state from free flow to unstable flow, see Fig. 9(a) . When the channel size is set as 60×60, the flow is either at the unstable state or at the jamming state, see Fig. 9 (b) and (c). This is the reason why the velocity declines with the increase of the channel size at some given densities. Fig.  9(d) shows the jamming flow when the channel size is set as 80×80. We explain this phenomenon as when the channel size increase, with the same density, conflicts within the channel increase and those conflicts may be distributed concentrated which can lower the moving efficiency and even cause congestion. 
Conclusion
This paper presents a study of impact analysis of paired walking behavior on pedestrian flow in a channel where the pedestrians are classified as single left walker, single right walker, paired left walker and paired right walker and their walking behaviors in the channel are simulated via a cellular automaton model. The plots of flow or velocity against density reveal the phase transitions in terms of density from free flow to the unstable flow and from the unstable flow to the congestion flow. If we set the density as constant, flow and velocity decline with the increase of paired rates. To explore the influence of channel size on pedestrian flow, we simulate five scenarios with different channel sizes. Results show that the critical densities of phase transition are not affected by the channel size. The phenomenon that the velocity decreases with the increase of channel size due to a larger channel size always causes more conflicts with the same density, and when the conflicts are distributed concentrated congestion may form.
In the future work, some modifications of the model need to be done. For example, different walkers have different velocities, and under some circumstances, two paired pedestrians can walk separately for a while. As to the first case, we can designate a specific velocity to each pedestrian. For the second case, we can introduce probability to indicate the possibility that the paired pedestrians walk separately. In this situation, the separated pedestrians can be treated as two singles.
